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Abstract 
Soft soils are not suitable for use in runway and highway construction due to their undesirable 
characteristics such as poor grading, low strength, and excessive plasticity, tendency to shrink or 
swell. By stabilizing such soils with appropriate agents, their engineering properties can be improved. 
One of the stabilizing agents is Class C fly ash. The paper aimed to study the bearing capacity 
improvement of a soft soil (from Elmadağ area) by using Class C fly ash (from Soma Thermal Power 
Plant). In the experimental study, index properties of soft soil and fly ash stabilized samples are 
determined. Then modified Proctor compaction, soaked California Bearing Ratio, and Unconfined 
Compressive Strength characteristics of the samples are investigated. During the study, the stabilized 
soil samples are prepared at different fly ash contents, i.e., 0%, 3%, 5%, 7%, and 10%. The samples 
are subjected to soaked California Bearing Ratio tests after 0, 7, and 28 days of curing. In addition to 
California Bearing Ratio tests, Unconfined Compressive Strength tests with 0, 7, and 28 days of curing 
are performed. In order to observe microstructures of samples, Scanning Electron Microscope-Energy 
Dispersive X-ray analysis are performed. The results of the study show that bearing capacity of 
Elmadağ soft soil can be improved substantially and swell can be reduced significantly by using Class 
C fly ash. 
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1 Introduction 
Construction of highways and runways over soft soils is one of the most common civil engineering 
problems in many parts of the world since soft soils generally show low strength and high 
compressibility. Subgrades having California Bearing Ratio (CBR) values smaller than 8 and 
Unconfined Compressive Strength (UCS) values smaller than 48 kPa are considered as soft soil and 
need to be stabilized especially in pavement applications (Das, 1997). The general and conventional 
approach to construct highway or runway on soft soils is to remove the soft soil and then replace it 
with a stronger material such as crushed rock. The high cost of replacement makes administrations to 
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 evaluate alternative methods of construction on soft soils and new stabilization techniques. One 
method is to use fly ash as a stabilizing agent (Şenol, Edil, Bin-Shafique, Acosta, & Benson, 2006). 
Fly ash is a finely graded residue resulting from the combustion of pulverized coal in a coal-fired 
boiler and transported by flue gases especially in electricity generating thermal power plants. Particles 
are generally in the form of spheres of silicon, aluminum and iron oxides. Particle size ranges from 
0.01 μm to 100 μm (Chang, Lund, Page, & Warneke, 1977). 
Utilization of fly ash has led to international standards, specifications and practices for 
classification and usage. According to ASTM C618, “Standard Specification for Coal Fly Ash and 
Raw or Calcined Natural Pozzolan for Use in Concrete” classification, fly ashes are classified as either 
Class F or Class C. Class F fly ash has pozzolanic properties whereas Class C fly ash has both 
pozzolanic and cementitious properties.  
Class C fly ash is also referred to as high calcium fly ash because it typically contains more than 
10 percent CaO. The high CaO content mainly contributes to self-cementing property in the presence 
of water. 
Hydration of fly ash is defined as formation of cementitious material by the reaction of CaO with 
the pozzolans (SiO2, Al2O3, Fe2O3) in the presence of water. The hydrated calcium silicate gel or 
calcium aluminate gel cementitious material can bind inert material together (Transportation Research 
Board, 1987). 
2 Materials and Methods 
This study aimed to use self-cementing Class C fly ash in various proportions for the bearing 
capacity improvement of a soft soil. Soft soil samples were obtained from Elmadağ Province nearby 
Ankara-Samsun State Highway in KM: 48+500. Laboratory tests were performed on Elmadağ soft soil 
and the results are tabulated in Table 1. 
 
Stabilizing agent namely self-cementing Class C fly ash was obtained from Soma Thermal Power 
Plant (lignite-fired). Soma is located approximately 87 km north of Manisa, Turkey. Its specific 
gravity is 2.23 and it is light gray in color. The chemical composition is tabulated in Table 2. 
 
 
 
 
 
Test Characteristic Unit Result 
Sieve Analysis 
Sand % 34.1 
Fines % 65.9 
Atterberg Limits 
Liquid limit (LL) % 27 
Plastic limit (PL) % 19 
Plasticity index (PI) % 8 
Soil Classification USCS group symbol - CL 
Specific Gravity Gs - 2.77 
Modified Proctor 
Compaction 
Optimum moisture content (OMC) (wopt) % 7.63 
Maximum dry density (MDD) (J dmax) g/cm3 2.188 
CBR (Unstabilized) 
CBR (Sample 1 - 2) % 3.0 - 2.9  
Swell (Sample 1 - 2) % 5.0 - 5.1  
 Table 1: Laboratory test results of Elmadağ soft soil 
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The aim of the experimental study is to investigate the effects of the addition of self-cementing 
Class C fly ash on some of the geotechnical properties such as Atterberg limits, specific gravity, sieve 
analysis (wet), modified Proctor compaction characteristics and bearing capacity (CBR and UCS) of a 
soft soil. The effect of curing period on CBR and UCS of fly ash stabilized samples are also 
investigated. 
For soaked CBR tests, the samples were compacted to the maximum dry densities at the optimum 
moisture contents and then cured for three different curing periods, i.e., 0, 7, and 28 days. After each 
curing period and 4 days of soaking, samples were subjected to CBR tests. For UCS tests, 
predetermined fly ash contents were used with same curing periods, i.e., 0, 7, and 28 days. Soaking 
was not performed. The required bulk densities for compacting UCS samples were calculated by using 
the maximum dry densities obtained from the modified Proctor compaction tests and the moisture 
contents obtained from the soaked CBR tests. Whole sample designations used and bearing tests 
performed in the study are tabulated in Table 3. 
In order to reveal microstructures of fly ash stabilized and unstabilized samples Scanning Electron 
Microscope (SEM) technique with Energy Dispersive X-Ray (EDX) analysis was also performed on 
the selected samples. 
For index properties of samples such as Atterberg limits, sieve analysis, and modified Proctor 
compaction, the effect of curing would not be required. In literature it is also mentioned that 
compaction delay after mixing fly ash with soil results in substantial loose in strength gain (Şenol, 
Bin-Shafique, Edil, & Benson, 2003). 
3 Results and Discussion 
3.1 Particle Size Analysis 
The fines percentage of samples obtained from wet sieve analysis are tabulated in Table 4. 
Referring to Table 4, percentage of fines decreases gradually and the sample becomes coarser as fly 
ash content increases. The reason may be flocculation and agglomeration of particles which is also 
seen in SEM images for stabilized samples. The effect of curing on sieve analysis was not studied. 
3.2 Atterberg Limits 
The Atterberg limits tests were carried out on uncured (0 day cured) samples according to ASTM 
D4318 “Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity Index of Soils”. The 
results obtained are tabulated in Table 4. It is clear from Table 4 that plasticity index (PI) values do not 
change significantly for all stabilized samples. PI values are 12 and 15 for soft soil and 10%FA 
Component Weight (%) 
SiO2 48.20 
Al2O3 22.30 
Fe2O3 5.30 
(S + A + F ) 75.80 
CaO 15.80 
MgO 1.20 
Na2O 0.50 
K2O 1.20 
TiO2 0.80 
P2O5 0.20 
 Table 2: Chemical composition of Soma fly ash 
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 sample, respectively. Fly ash addition with no curing up to 10 percent is not effective for Elmadağ soft 
soil concerning plasticity point of view. 
 
Sample Type Mix Design (by dry weight of soil) Designation Soaked CBR UCS 
1 100% Soft Soil (SOS) SOS + + 
2 97% Soft Soil + 3% FA 3%FA + + 
3 95% Soft Soil + 5% FA 5%FA + + 
4 93% Soft Soil + 7% FA 7%FA + + 
5 90% Soft Soil + 10% FA 10%FA + + 
Table 3: Sample designations and bearing tests (CBR and UCS) performed 
3.3 Soil Classification 
Using Atterberg limits and particle size analysis, the group symbol, i.e., soil classification, of the 
samples were determined according to ASTM D2487 “Standard Practice for Classification of Soils for 
Engineering Purposes (Unified Soil Classification System)”. The results obtained are tabulated in 
Table 4. The classification of Elmadağ soft soil remains as CL after adding fly ash up to 10%. 
3.4 Modified Proctor Compaction 
The modified Proctor compaction tests were carried out on uncured samples according to Method 
A of ASTM D1557. The results of modified Proctor compaction tests were to be used in sample 
preparation for the bearing tests. The results are tabulated in Table 4. Since fly ash is a lightweight and 
fine material in the form of powder the maximum dry density of soft soil decreases slightly with the 
addition of fly ash. On the other hand, the optimum moisture content varies between 7.20 and 8.34 
percent with the addition of fly ash up to 10 percent. Optimum moisture contents for SOS, 3%FA, and 
5%FA samples are close to each other, although there is a gradual decrease. For 7%FA and 10%FA 
samples, there is a remarkable increase in optimum moisture content. 
 
Sample Fines (%) LL (%) PL (%) PI (%) Soil Class MDD (g/cm³) OMC(%) 
SOS 65.9 23 11 12 CL 2.188 7.63 
3%FA 60.8 25 12 13 CL 2.172 7.42 
5%FA 55.3 26 12 14 CL 2.157 7.20 
7%FA 51.6 30 14 16 CL 2.145 7.80 
10%FA 50.2 29 14 15 CL 2.100 8.34 
Table 4: Fines percentage, Atterberg limits, soil class, and compaction characteristics of samples 
3.5 California Bearing Ratio (CBR) 
CBR tests were predetermined to be performed on samples prepared at the optimum moisture 
content and compacted to the maximum dry density. CBR test is a load test performed under uniform 
pressure. The test procedure is defined by ASTM D1883 “Standard Test Method for CBR (California 
Bearing Ratio) of Laboratory-Compacted Soils”. The average results of CBR tests carried out in this 
study are tabulated in Table 5. 
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At the beginning of the experimental study, stabilized samples with 15 percent and 20 percent fly 
ash were also decided to be investigated in terms of bearing capacity improvement. It is a clear 
outcome from Table 5 that 15%FA and 20%FA samples (7 days cured) have CBR much greater than 
100. For this reason, 15%FA and 20%FA samples were not investigated and discussed anymore in the 
research study. 
Referring to Table 5, soaking just after compaction slightly increases CBR of samples (with the 
addition of fly ash). Referring to Table 5, swell percentages of the samples do not vary considerably 
without curing. They are almost 5 percent for predetermined amounts of stabilizing agent. 
For 7 days cured samples, there is a considerable amount of increase in soaked CBR values. The 
bearing ratios were increased up to 7.8, 11.9, 17.2, and 85.9 for fly ash contents as 3%, 5%, 7%, and 
10%, respectively. The swell percentages are approximately 3 percent for fly ash stabilized samples 
(except 10%FA). Addition of 10% fly ash causes considerable decrease in swell potential. The swell 
percentage is smaller than 1 percent for 10%FA sample. 
For 28 days cured samples, the bearing ratios were increased up to 9.4, 20.1, 55.5, and 114.5, for 
3%FA, 5%FA, 7%FA, and 10%FA, respectively. The swell potential is much smaller for all samples 
compared especially to 0 day cured samples. 
3.6 Unconfined Compressive Strength (UCS) 
The Unconfined Compressive Strength (UCS) test is an unconsolidated and undrained load test 
performed for determining the unconfined compressive strength of cohesive soil samples where the 
lateral confining pressure is equal to zero during the test. UCS is the compressive stress at which an 
unconfined cylindrical soil sample fails in a load test. UCS is taken as the maximum load attained per 
unit area during loading, or the load per unit area at 15% axial strain, whichever is obtained first. For 
UCS test specimens (a minimum diameter of 30 mm and height-to-diameter ratio between 2 and 2.5), 
the shear strength is calculated to be half of the compressive stress at failure. 
The UCS tests were performed on both unstabilized and fly ash stabilized samples. Curing periods 
were chosen same as those for CBR tests. The tests were carried out in general accordance with 
ASTM Standard D2166. The average results of UCS tests carried out in this study are tabulated in 
Table 6. 
 
Soaking 4 days 
Curing 0 day 7 days 28 days 
Sample CBR ave Swell ave CBR ave Swell ave CBR ave Swell ave 
SOS 3.0 5.1 N/A N/A N/A N/A 
3%FA 5.0 4.8 7.8 3.5 9.4 2.9 
5%FA 6.2 5.2 11.9 3.1 20.1 2.3 
7%FA 6.2 5.1 17.2 3.2 55.5 1.1 
10%FA 6.8 4.5 85.9 0.7 114.5 0.7 
15%FA 22.3 4.4 162.0 0.1 N/A N/A 
20%FA 41.6 3.1 246.0 0.1 N/A N/A 
 Table 5: Average CBR and swell of samples 
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Since a modified Proctor compaction effort was supplied and there was a volume change in soaked 
CBR samples due to swell 100% compaction was not attained. But except for 0 day cured samples, a 
compaction degree of 86% ± 2% was obtained as compaction water contents do not differ so much for 
7 and 28 days cured samples. 
Referring to Table 6, for 0 day of curing condition, there is a slight increase in UCS values up to 
5%FA. But for 7%FA and 10%FA, there is a substantial decrease. The reason most probably related to 
high compaction water content and low compaction characteristics. 
For 7 days cured samples, strength gain is clear and the most substantial strength gain is observed 
for 10%FA sample. Compacted and unstabilized soft soil sample has UCS value of 47 kPa. When 10 
percent of fly ash is added and sample is cured for 7 days, UCS value increases up to 389 kPa. The 
strength gain is much more valuable for 7%FA and 10%FA samples under 28 days of curing period. 
In this case UCS values increase up to 333 kPa and 642 kPa, respectively. 
3.7 SEM-EDX Analysis 
Scanning Electron Microscope (SEM) technique coupled with Energy Dispersive X-Ray (EDX) is 
one of the best and most widely used methods to identify and characterize morphology 
(microstructure) and elemental constituents (chemical characterization) of fly ash particles. SEM-EDX 
analysis was used to describe the change in microstructure for unstabilized and stabilized samples with 
curing effect. A total number of 8 critical samples were chosen as Soft Soil (SOS), FA, 3%FA (0, 7, 
and 28 days of curing), and 10%FA (0, 7, and 28 days of curing). SEM images of 3%FA and 10%FA 
with different curing periods are shown in Figure 1. These images indicated that the microstructures of 
stabilized samples changed due to stabilization process (cementation) and developed with long-term 
curing. 
EDX analysis gives information for the upper few micrometers of the surface of the samples. 
Atomic percentages of a randomly selected point on the surface of fly ash and soft soil were calculated 
(Figure 2) during analysis. EDX data indicated that fly ash particles contain O, Mg, Al, Si, Mo, K, Ca, 
and Fe. Besides, Elmadağ soft soil contains O, Na, Mg, Al, Si, K, and Fe. Existence of potassium 
content and flake like microstructure show that the main clay mineral in the composition of soft soil is 
most probably illite. The illites are the only minerals commonly found in the clay size fraction of soils 
that contain potassium in their structure (Mitchell, 1993). 
 
 
 
 
Curing 0 day 7 days 28 days 
Sample 
W design 
(%) 
C ave 
(%) 
UCS ave 
(kPa) 
W design 
(%) 
C ave 
(%) 
UCS ave 
(kPa) 
W design 
(%) 
C ave 
(%) 
UCS ave 
(kPa) 
SOS 15 88 47 N/A N/A N/A N/A N/A N/A 
3%FA 16 84 51 15 85 73 15 87 112 
5%FA 17 84 55 15 87 85 15 88 134 
7%FA 21 79 24 16 86 95 13 88 333 
10%FA 26 75 6 15 87 389 14 88 642 
W design : Design water content obtained from soaked CBR tests for stabilized and unstabilized samples 
C ave: Average percent of compaction. 
 Table 6: Average UCS of samples 
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4 Conclusions 
This research investigated the effect of fly ash addition on some geotechnical properties of 
Elmadağ soft soil. According to the results of the experimental study, the conclusions are as follows: 
  
Figure 2: EDX diagram of Soma fly ash (at left) and Elmadağ soft soil (at right) 
  
Fly Ash 0 Day
7 Days 28 Days
Fly Ash 0 Day
7 Days 28 Days
Figure 1: SEM images-FA vs 3%FA (cured) (at left) and FA vs 10%FA (cured) (at right) 
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 1. Soil classification remains same as CL although fines percentage decreases with increasing 
fly ash content. Addition of fly ash does not change the plasticity of Elmadağ soft soil 
significantly. 
2. Maximum dry density obtained from modified Proctor test decreases with increasing fly ash 
content. There is no consistent variation in optimum moisture content with increasing fly ash 
content. 
3. CBR of Elmadağ soft soil increases as the fly ash content increases. Effect of fly ash addition 
as stabilizing agent is very positive. Addition of fly ash does not change swell of 0 day cured 
& stabilized samples significantly. It remains approximately same as Elmadağ soft soil. But 
as curing is applied, i.e., 7 and 28 days, swell decreases significantly. It is smaller than 1 
percent for 10%FA sample with 7 and 28 days of curing. Substantial CBR improvement is 
gained by adding 7% or more fly ash to Elmadağ soft soil. 
4. Increase in fly ash content does not increase UCS of 0 day cured samples due to higher 
compaction moisture content. For 7 and 28 days cured and fly ash stabilized samples, effect 
of curing on UCS of samples is positive. The general tendency of bearing capacity 
improvement is similar to CBR improvement behavior. 
5. The governing clay mineral in Elmadağ soft soil is illite due to existence of potassium ions 
detected in SEM-EDX analysis. The microstructure of fly ash stabilized and cured samples 
are very different than fly ash and soft soil. 
6. Improvement of bearing capacity of Elmadağ soft soil is possible by the addition of fly ash. 
7% or more fly ash addition with curing is very effective in terms of CBR, swell, and UCS. 
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